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Nucleosomes retained in spermatozoa may influence development and epigenetic inheritance. In this issue
of Developmental Cell, Samans et al. (2014) and Carone et al. (2014) provide evidence for the predominant
retention of sperm nucleosomes in gene deserts, necessitating a reevaluation of the prevailing notion claim-
ing their enrichment over developmental promoters.Zygotes with full developmental capacity
are formed by the fertilization of an oocyte
by a sperm. Recent work has focused
intensive investigation on the mecha-
nisms underlying differential contributions
by the paternal and maternal haploid
genome and epigenome to development
and inheritance in mammals. During
mammalian spermatogenesis, following
meiotic divisions, haploid spermatids
condense their nuclei by replacing nucle-
osomes with small basic arginine-rich
proteins called protamines. Although the
replacement by protamines occurs in a
genome-wide fashion, a certain fraction
of nucleosomes remains associated with
the sperm genome. These remaining
nucleosomes, unlike protamines that are
exclusively re-replaced by maternal nu-
cleosomes in the zygotes, may potentially
direct certain processes of development
and are thus a potential source for epige-
netic inheritance through the paternal
germline. Therefore, the genomic loci
associated with retained nucleosomes in
sperm are of great interest.
In this issue of Development Cell, two
independent studies provide evidence
that in mammalian sperm, nucleosomes
remain predominantly within distal gene-
poor regions and are depleted sig-
nificantly in promoters of genes for
developmental regulators (Samans et al.,
2014; Carone et al., 2014). These obser-
vations apparently contradict a number
of previous reports (Table 1). For example,
Hammoud et al. (2009) reported that the
retained nucleosomes in human sperm6 Developmental Cell 30, July 14, 2014 ª201are significantly enriched at loci of devel-
opmental importance, including imprinted
gene clusters, microRNA clusters, and
HOX gene clusters, and Erkek et al.
(2013) identified an approximately 10-
and 2-fold overrepresentation of retained
nucleosomes in mouse sperm at pro-
moter regions and exons, respectively,
and underrepresentation at introns and
repeat regions. Accordingly, the nucleo-
some retention highly correlated with
the GC content, and the retained
nucleosomes exhibited characteristic
histone modifications such as histone
H3 lysine 4 trimethylation (H3K4me3)
and H3K27me3 or histone variants. It is,
on the other hand, of note that Brykczyn-
ska et al. (2010) observed a regular distri-
bution of nucleosomes along the entire
genome of human spermwith only a slight
(2.2-fold) enrichment around the tran-
scriptional start sites (TSSs).
Samans et al. (2014) isolated nucleo-
some-associated chromatin in human
and bovine sperm according to a protocol
by Hammoud et al. (2009) (Table 1) and
analyzed the purified 146 bp mononu-
cleosomal DNA sequence released by
micrococcal nuclease (MNase) treatment
by high-throughput sequencing. They
showed that, on average, 2.9% and
13.4% of the human and bovine paternal
genomes, respectively, retain nucleo-
somal chromatin, and these nucleo-
somal-binding sites appear to be rather
evenly scattered. Further analysis indi-
cated that the major portion of the nucle-
osomal-binding sites (93% in human and4 Elsevier Inc.85% in bulls) is in repetitive DNA se-
quences—including centromere repeats,
short interspersed nuclear element
(SINE), and long interspersed nuclear
element 1 (LINE1)—and the majority of
nucleosomal binding sites (56.4% in
human and 80.2% in bulls) were enriched
in distal intergenic regions. Among the
well-known functional elements, nucleo-
somes were significantly depleted in
exons, 50 UTR, 30 UTR, and promoters.
This appears to be discordant with the
observations that 76% of the top 9,841
histone-enriched regions intersect genic
regions (Hammoud et al., 2009) and that
retained nucleosomes in mouse sperm
are overrepresented by approximately
10- and 2-fold at promoter regions and
exons, respectively (Erkek et al., 2013).
Samans et al. (2014) showed that in intra-
genic areas (3 kb promoter and gene
body), 66.1% and 74.7% of human and
bovine genes, respectively, retain nucleo-
somes. Overlapping human and bovine
genes with nucleosome-preserving pro-
moters were enriched in factors for RNA
and protein processing. In contrast,
33.9% and 25.3% of human and bovine
genes, respectively, were nucleosome
free in the entire promoter and gene
body; strikingly, a large number of these
genes encoded developmental regula-
tors, a finding that was in stark opposition
to previous reports (Hammoud et al.,
2009). Most typically, all HOX clusters
were depleted in nucleosomes. The
finding that promoters preserving the nu-
cleosomes were enriched in factors for
Table 1. Methods for Mapping Nucleosomes Retained in Mammalian Spermatozoa
Ref ces Species
Method for Nucleosome Collection
Method for Mapping
on Genome
istribution of Nucleosome
etentionCrosslink MNase Digestion Cfg after MNase Digestion
Size Fractionation
by Electrophoresis
Zal aya et al.,
200
human no 30U per 1 mg of DNA,
37C for 5–20 min
10,000 rpm, 3 min yes Southern blot for
telomeric DNA
nriched with telomeric DNA
rganized into closely spaced
ucleosomes with a period of
48 bp
Ham ud et al.,
200
human no >10U, 37C per 40 million
cells (partly as in
Zalenskaya et al., 2000)
yes 140–155 bp deep sequencing nriched at loci of developmental
mportance, including imprinted
ene clusters, microRNA clusters,
OX gene clusters, and promoters
f standalone developmental
ranscription factors
Arp hi et al.,
200
human,
mouse
no 5U, 37C for 3 min per
100 million cells
5 kg, 10 min no comparative genome
hybridization
ssociated with gene regulatory
egions, including promoters and
TCF binding sequence
Bry nska et al.,
201
human,
mouse
no detailed as in
Hisano et al., 2013
detailed as in
Hisano et al., 2013
mononucleosome deep sequencing egular distribution along genome
ith modest enrichment around
SSs
Vav and Lehner,
201
(using data from Hammoud et al., 2009) redicted by base composition in
oth genic and nongenic regions
retention at GC-rich sequences)
Erk t al., 2013 mouse no 15U, 37C for 5 min per
2 million cells (detailed
as in Hisano et al., 2013)
as in Brykczynska et al.,
2010 (detailed as in
Hisano et al., 2013)
150 bp deep sequencing igh enrichment throughout the
enome at CpG-rich sequences
hat lack DNA methylation
His et al., 2013 human no 30U, 37C for 5 min per
2 million cells
17 kg, 10 min, at room
temperature
mononucleosome deep sequencing A
mouse no 15U, 37C for 5 min per
2 million cells
17 kg, 10 min, at room
temperature
mononucleosome deep sequencing
Sam s et al.,
201
human,
bull
no 20U, 37C per 10 million
cells (partly as in
Zalenskaya et al., 2000
and Hammoud et al., 2009)
10,000 rpm 146 bp deep sequencing redominantly within distal intergenic
egions and introns; associated
ith centromere repeats and
etrotransposons; depletion in
0 UTR, 30 UTR, TSS, and TTS
Car et al., 2014 mouse 1% formaldehyde,
15 min, 37C
1U–10U, 37C for 5 min
per 100 million cells
5 kg, 5 min no deep sequencing
(paired end)
referentially in large gene-poor
egions; depletion in promoters
mouse 1% formaldehyde,
15 min, 37C
10U–50U per cells fewer
than 100 million
no no deep sequencing
(paired end)
nriched over promoters
Abb iations used are as follows: MNase, micrococcal nuclease; Cfg, centrifugation; U, unit; TSS, transcription start site; TTS, transcription terminatio site; NA, not applicable.
D
e
v
e
lo
p
m
e
n
ta
lC
e
ll
3
0
,
J
u
ly
1
4
,
2
0
1
4
ª
2
0
1
4
E
ls
e
v
ie
r
In
c
.
7
D
e
v
e
lo
p
m
e
n
ta
l
C
e
ll
P
re
v
ie
w
seren
ensk
0
mo
9
ana
9
kczy
0
ouri
1
ek e
ano
an
4
one
revD
R
e
o
n
1
e
i
g
H
o
t
a
r
C
r
w
T
p
b
(
h
g
t
N
p
r
w
r
5
p
r
e
n
Developmental Cell
PreviewsRNA and protein processing relevant
for gene expression in preimplantation
development, but not in developmental
regulators such as the HOX genes that
mainly function in postimplantation devel-
opment, would actually seem quite
reasonable, considering the extensive
epigenetic reprogramming associated
with preimplantation development.
The observations by Carone et al.
(2014) are in good agreement with those
by Samans et al. (2014). Utilizing a
recently developed protocol for nucleo-
some mapping (Table 1), they character-
ized the chromatin structure of mouse
embryonic stem cells (mESCs) and
sperm. The chromatin organizations of
mESCs revealed by Carone et al. (2014)
were highly consistent with those identi-
fied by previous studies, demonstrating
the validity of the authors’ methodology.
They found that the nucleosomes in
mouse sperm are variably distributed
along the chromosomes and appear to
be preferentially retained in gene-poor re-
gions: the number of nucleosome-length
fragments for a given region is strongly
anticorrelated with the number of genes
in that region. Accordingly, the data from
Carone et al. (2014) showed that sperm
nucleosomes are generally depleted
from promoters, including developmental
promoters such as the Hox promoters.
They also went on to show by immunoflu-
orescence analysis that histones H4 and
TH2B were predominantly localized in
the central DAPI-dense chromocenter
occupied by repeat elements, but not in
the peripheral area where the CpG-rich
fraction of the genome associated
with developmental promoters is consid-
ered to be concentrated, a finding consis-
tent with previous cytological analyses
(Meyer-Ficca et al., 2013).8 Developmental Cell 30, July 14, 2014 ª201Why were such contradictory observa-
tions made by different groups? Carone
et al. (2014) reasoned that the discrep-
ancies between these studiesmight result
from differences in the extent of MNase
digestion of the isolated sperm genome.
They obtained the above results using
formaldehyde crosslinking and minimal
MNase digestion; only after formaldehyde
crosslinking and MNase digestion as
extensive as that employed by Hammoud
et al. (2009) did they recover mononucleo-
somes enriched over promoters of devel-
opmental regulators (Table 1). Carone
et al. (2014) therefore concluded that
among all nucleosomes retained in
sperm, those retained at developmental
promoters are a specific, more-stable
subset highly resistant to MNase diges-
tion. The proposed stability of the nucleo-
somes associated with developmental
regulators may be linked with their modifi-
cation states or their variant histone com-
positions (Brykczynska et al., 2010; Erkek
et al., 2013; Hammoud et al., 2009), an
interesting possibility that warrants further
investigation. However, it is important to
note that Samans et al. (2014) used a
protocol essentially identical to that of
Hammoud et al. (2009) (Table 1) but
obtained an apparently contradictory
outcome. At the present time, it is difficult
to ascribe the reported discrepancies to a
specific cause, but nonetheless it appears
true that the isolation of retained sperm
nucleosomes by MNase digestion in-
volves delicate procedures that can easily
lead to variable consequences depending
on how precisely each experimental step
is performed.
More precise knowledge of the
genome-wide distribution of the nucleo-
somes retained in mammalian spermato-
zoa would provide an important basis for4 Elsevier Inc.our understanding of the mechanism of
both development and epigenetic re-
programming and inheritance. Further
explorations will be needed to reach a
definitive consensus as to the genome-
wide localization of sperm nucleosomes
and their modification and/or variant
states, which in turn will help to clarify
their functional significance.REFERENCES
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